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Renal salt transport constitutes the main driving
force for transepithelial water movement and thus
assumes a key role in maintaining water balance.
Most nephron segments are characterized by primary
transport of sodium ions, although in a restricted
portion of the nephron, the ascending limb of Henle's
loop, chloride transport [1—4] is primary. It is well
established that the bulk of filtered salt and water is
reabsorbed by the proximal tubule; on the other
hand, it has been well-known for decades that the fine
adjustment of salt and water balance occurs in the
distal portions of the nephron, i.e., the distal con-
voluted tubule and the collecting ducts. Under cer-
tain conditions proximal tubular function can dictate
salt and water balance in the body, for example,
during strong inhibition of proximal tubular trans-
port when the distal nephron is overloaded [5]. In
addition, it appears likely today from studies on renal
ephithelium as well as other epithelial structures [6]
that sodium transport may play an important role in
restoring filtered nonelectrolytes to the body by
coupled co-transport mechanisms.
In the following, some fundamental aspects of
proximal tubular salt and water transport will be
surveyed. It will become apparent that the molecular
mechanism of sodium transport remains still un-
known but that many of the biophysical aspects of
transport have been described and that keys to the
understanding of intraepithelial regulatory processes
are now available. Furthermore, the development of
techniques to study isolated perfused tubules [7, 8]
has shown that differences in salt reabsorption exist
within the proximal tubule, particularly between the
pars convoluta and the pars recta.
There is ample evidence that all parts of the prox-
imal tubule can transport sodium actively. Evidence
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in favor of active transport of sodium is based on the
observation of net sodium reabsorption against max-
imal concentration differences of some 30 to 50
mEq/liter in both amphibian [9] and mammalian
[10—12] proximal tubules. Whereas much controversy
existed until recently about the magnitude of the
transepithelial electrical potential differences across
proximal tubular epithelium, there is general agree-
ment about the ability of the proximal tubule to
transport sodium against a chemical concentration
gradient and that this transport cannot be accounted
for by electrical driving forces. Thus, the original
proposal of Wesson and Anslow [13] that proximal
tubular sodium reabsorption depends on an energy-
consuming metabolic process is now firmly estab-
lished.
It is well-known that the major portion of filtered
sodium is reabsorbed isoosmotically by the proximal
tubule [14]. This reabsorption occurs while the in-
traluminal sodium concentration remains essentially
the same as in plasma water [14]. Small electrical
potential differences exist, however, between lumen
and contraluminal extracellular fluid [7, 15—19]. A
consensus appears to have been reached that the early
proximal tubule maintains a luminal negativity of
some —2 to —4 my. In contrast to the early proximal
tubule, later parts of this nephron segment are char-
acterized by slight positivities [15, 16, 19]. The lu-
minal positivity is thought to be due to the generation
of a diffusion potential of chloride ions. The concen-
tration of this ion rises early along the proximal
tubule due to the progressive titration of luminal
bicarbonate by tubular hydrogen ion secretion in the
presence of isoosmotic fluid reabsorption [20]. The
role of the small transepithelial electrical potential
difference is presently not fully understood (see fol-
lowing). While theoretical considerations might in-
dicate that as much as one-third of the proximal
tubular sodium transport in rats may be reabsorbed
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passively and be due to the small luminal
electropositivity [21], other studies on isolated prox-
imal tubules of rabbit kidneys have shown that
changes in electrical potential difference do not affect
the rate of fluid or sodium reabsorption [22].
Studies on the ionic and nonionic solute
requirements for proximal tubular reabsorptive proc-
esses have been stimulated by the observation that in
the first portion of the proximal tubule bicarbonate is
reabsorbed preferentially to chloride [23] and that
organic compounds such as glucose [24, 25], amino
acids [26, 27] and lactate [28] are reabsorbed rapidly
leading to a decline in their concentration along the
first one-third to one-half of the tubule. Considering
the fact that a direct relationship between peritubular
capillary bicarbonate concentration and proximal
tubular fluid reabsorption was described by Ulirich et
a! [29] and that a shift from early proximal luminal
electronegativity to slightly positive potential differ-
ences were reported by Frömter and Gessner [19] and
Barrett et at [15], a major effort to evaluate the
significance of these findings for salt and water reab-
sorption was obviously necessary. The importance of
such studies derives from the notion that a sizeable
component of proximal tubular sodium chloride
transport might be passive in nature. Thus, Barrett et
al [15] and Frömter and Gessner [19] proposed the
following hypothesis. Preferential bicarbonate reab-
sorption by the earliest segments of the proximal
tubule increases the luminal chloride concentration
sufficiently to provide a driving force for passive chlo-
ride reabsorption, and at the same time renders the
lumen electrically ositive by generating a chloridediffusion potential. A shift from luminal
electronegativity of some —2.4 my in the immediate
vicinity of the glomerulus to luminal electropositivity
of + 1.8 my in the mid- and end-portion of the prox-
imal tubule has been reported by Frömter and Gess-
ncr [19]. In studies on isolated perfused rabbit tu-
bules, it was also observed that glucose is electrogenic
in the sense that its presence is necessary to make the
lumen electrically negative [30, 31]. Its virtual ab-
sence in the middle and late parts of the proximal
tubule is thought to play an important role by permit-
ting the development of luminal electropositivity.
This hypothesis therefore puts primary importance
upon tubular hydrogen ion secretion and glucose
reabsorption, since these early proximal events would
ultimately be responsible for making the lumen elec-
trically positive and for providing a driving force for
sodium reabsorption in the major portion of the
proximal tubule.
Recently, a series of experiments on rat kidneys in
vivo was carried out by Green and Giebisch [32, 33]
to assess the role of bicarbonate, chloride and glu-
cose in the process of proximal tubular salt and water
reabsorption. Use was made of simultaneous luminal
and peritubular capillary perfusion methods which
make it possible to expose surface segments of prox-
imal tubules to well-defined media. Analysis of col-
lected perfusate for electrolyte concentration, os-
molality and inulin content and concentration in
conjunction with measurements of length of silicone
rubber casts of the perfused segments allowed net
fluxes to be measured and made it possible to express
these rates per unit of tubular length. The
composition of the basic perfusion fluid was as fol-
lows: NaG!, Ill mM; KCI, 5 mM; NaHCO3, 25 mM;
Na2HPO4, 14.5 mM; NaH2PO4, 3.1 mM; and CaCI2,
0.6 mM; the pH was between 7,39 and 7.42 and the
osmolality adjusted to 300 mOsm/kg of water. The
peritubular fluid contained 10 g/100 ml of albumin.
First, the effect of bicarbonate on reabsorption was
evaluated by comparison of reabsorptive rates when
tubules and capillaries were perfused with
bicarbonate containing control solutions with those
found when bicarbonate in the perfusion fluids was
replaced by acetate. With bicarbonate on both sides
of the epithelium, sodium net flux was 513 51
pmoles.min]/mm and the simultaneously observed
net volume flux, 3.29 + 0.32 nl.min'/mm of length,
values not different from those found in normal
blood-supplied proximal tubules. Omission of bi-
carbonate in both perfusion fluids led to a marked
reduction in net flux of sodium to 198 27
pmoles.min'/mm and of volume flux to 1.33 0.18
nI . min'/mm of length, corresponding to a decrease
in sodium and water reabsorption to about 40%.
Restoration of bicarbonate to the tubular perfusion
fluid increased reabsorption only to some 60% of the
control rates. Of specialinterest is the development of
transepithelial chloride concentration gradients.
When bicarbonate-containing Ringer's solution was
used, the chloride concentration in the collected per-
fusate was 2.8 mEq/Iiter higher than that in the in-
jected perfusion fluid. In the absence of bicarbonate,
the chloride gradient between collected perfusate and
initial perfusion fluid was 2.6 mEq/liter, not different
from the experimental series in which fluid
reabsorption proceeded at a normal rate. Deletion of
bicarbonate did not mean that the solutions were
unbuffered since they all contained 17 mmoles/liter
of phosphate. It is also noteworthy that changes in
acetate concentration in the perfusion fluids did not
alter transepithelial fluid movement to any significant
extent.
The potential physiological significance of trans-
epithelial chloride concentration gradients wts in-
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vestigated in a urther series of experiments. When
bicarbonate wa deleted from both tubular and per-
itubular perfusion fluids, the imposition of a 15
mEq/liter chloride concentration gradient from lu-
men to plasma (NaCI was 126 and 111; acetate, 10
and 25 m in tubules and capillaries, respectively)
caused only a small nonsignificant increase in reab-
sorption of sodium and fluid. Also, when in otherwise
similar solutions 4 mi sodium cyanide was
substituted for an equivalent amount of sodium chlo-
ride, there remained a small but statistically signifi-
cant net sodium reabsorption of 93 24
pmoles.m1n1/mm of length. Previous studies have
shown [34] that in the absence of transtubular con-
centration gradients, cyanide at the same
concentration inhibits sodium tran sport completely.
It is unlikely that the chloride permeability is reduced
markedly by cyanide since the magnitude of the in-
crease in sodium and water reabsorption induced by
a chloride gradient is similar whether cyanide is pres-
ent or not. At the most, the chloride concentration
gradient could account for about 20% of normal so-
dium reabsorption in the middle and late surface
convolutions of the proximal tubule.
These results confirm the previous report of Ull-
rich, Radtke and Rumrich [35] that bicarbonate ions
augment net sodium and fluid reabsorption across
the proximal tubule. Apparently, this effect of bi-
carbonate is mediated at the contraluminal cell mem-
brane, or intracellularly with cellular concentration
being dependent upon peritubular concentration,
rather than being a primary action of the ion at the
luminal cell boundary. This effect of bicarbonate is
not solely related to the establishment of
transepithelial chloride concentration gradients. For
the full restoration of fluid transport, it is necessary
to have bicarbonate ions present in both luminal and
peritubular perfusion fluids.
The augmenting effect of bicarbonate on net salt
and water transport has also been observed in the
jejunum [36], the gall bladder [37] and the choroid
plexus epithelium [38]. The mechanism of this effect
is unknown. In the kidney, a possible clue might
derive from studies of tubular hydrogen secretion
since this latter process is thought to be mainly re-
sponsible for the establishment of the physiologically
occurring transepithelial bicarbonate concentration
gradients. Such studies have been performed by
Green and Giebisch [39] using the approach of simul-
taneous tubular and capillary microperfusion re-
ferred to before. Bicarbonate concentrations and
nonbicarbonate titratable acidity, i.e., the amount of
alkali which must be added to the perfusate to return
the pH to 7.40 after bicarbonate has been removed,
were measured in the collected perfusate using modi-
fications of Karlmark's techniques [40] and the hy-
drogen ion secretion rate was calculated as their sum.
This calculation makes two assumptions: that all bi-
carbonate reabsorption is mediated by equivalent hy-
drogen ion secretion and that ammonium formation
in the tubular fluid is small enough to be ignored.
Sodium and fluid reabsorption was then altered by a
series of changes in the composition of the perfusion
fluids and net hydrogen ion secretion and sodium
reabsorption were measured.
With bicarbonate present in both tubular and per-
itubular perfusion fluids, the net sodium reabsorption
was 463 pmoles.min1/mm of tubular length and the
net hydrogen ion secretion was 160 pmoles.min'
/mm of tubular length. When acetate was used as a
substitute for bicarbonate, the sodium reabsorption
was reduced to the same extent as in the series de-
scribed earlier; hydrogen ion secretion was
diminished by approximately the same proportion
but absolutely much less (see Fig. 1), indicating that
if sodium and hydrogen ion are linked it is not a one
to one ratio. On the other hand, if only one-third of
net sodium reabsorption is actively transported [21],
then sodium and hydrogen ion could still be linked.
Reversing the normal chloride concentration
gradient, i.e., imposing the 15 mEq/liter gradient
from capillary to tubular lumen when bicarbonate
was present, led to a reduction in sodium
reabsorption to one-half of normal whereas hydrogen
ion secretion rose albeit not significantly (see Fig. 1).
Furthermore, when bicarbonate was substituted by
TRIS, a cation known to penetrate cells [41], sodium
reabsorption decreased only slightly but the hydro-
gen ion secretion fell to one-third of normal (see Fig.
1). The sodium/hydrogen ion net flux ratios obtained
under a variety of experimental conditions varied
Fig. 1. Proximal tubular reabsorption during simultaneous contin-
uous microperfusion of proximal tubules and peritubular capillaries
in rat kidneys in vivo. Data from Green and Giebisch [32, 38j
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from 1.2 to 6.1, indicating that if there is any linkage
between sodium reabsorption and hydrogen ion se-
cretion it can be neither tight nor stoichiometrically
fixed.
Ullrich and his associates have considered three
possible mechanisms to account for the stimulating
effect of bicarbonate [35, 42]: first, that hydrogen ion
secretion is directly coupled to sodium reabsorption
and that any buffer might stimulate hydrogen ion
secretion and, hence, sodium reabsorption; second,
that increasing the intracellular concentration of bi-
carbonate augments the permeability of the luminal
cell membrane to sodium and thus facilitates sodium
entry; and third, that changes in intracellular pH
directly affect active sodium transport. This latter
possibility was discarded because changing the par-
tial pressure of CO2 over a wide range (zero to 20%
C02), a maneuver which alters cellular pH markedly,
had no effect [35].
The results of Green and Giebisch [39] argue
against coupling at a fixed ratio of sodium and hydro-
gen ion transport across the proximal tubular epithe-
hum. Not only is the coupling ratio of Na/H differ-
ent from unity but directional changes as well as net
movement of sodium can be drastically dissociated
from that of hydrogen ions. Obviously, to the extent
that bicarbonate reabsorption is mediated by hydro-
gen ion secretion, sodium reabsorption depends upon
the integrity of proximal tubular acidification. The
mechanisms by which bicarbonate ions stimulate so-
dium reabsorption are not fully understood, but sev-
eral factors are likely to play a role. Bicarbonate
reabsorption augments sodium transport by solvent
drag due to the difference in reflection coefficients of
sodium chloride and sodium bicarbonate, the latter
being significantly greater than that of sodium chlo-
ride [21]. Preferential bicarbonate reabsorption also
causes an increase in luminal chloride concentration,
thus increasing the driving force acting on sodium
ions. In addition, bicarbonate seems to affect sodium
transport indirectly by increasing either the entry of
sodium across the luminal cell membrane or by stim-
ulating active sodium transport across the
peritubular membrane [39].
Simultaneous tubular and capillary perfusions
were also used to evaluate the effect of proximal
tubular glucose reabsorption on salt and water trans-
port in this nephron segment. In one series of experi-
ments where only the tubular lumen was perfused,
the presence or absence of 5 m glucose in the per-
fusion fluid made no significant difference regarding
net reabsorption of sodium and fluid by the proximal
tubule. This happened despite the fact that when
glucose was present in the perfusion fluid there was
net reabsorption of glucose whereas when glucose
was absent there was a reversal in the direction of net
movement and glucose was actually secreted (see Fig.
2). This apparent lack of an effect of glucose on fluid
reabsorption was confirmed by results of simul-
taneous perfusion of tubules and peritubular capil-
lanes with solutions containing 8.3 or zero m glu-
cose: again, there was no significant effect on net
sodium or water reabsorption.
These results inidcate that in those parts of the
proximal tubule perfused in the experiments of Green
and Giebisch [40], namely the last 75% of the pars
convoluta which is normally accessible to
micropuncture in Long Evans rats on the kidney
surface, glucose has no significant effect on net so-
dium of volume fluxes. An effect on the first 25% of
the convoluted tubule cannot be excluded.
Considerable insight into the mechanisms of prox-
imal tubular salt and water transport has evolved
from the studies of Burg [17], who used the isolated
perfused rabbit tubule. "Early" proximal tubular
function was investigated by simulating conditions in
the initial nephron segment by bathing isolated rabbit
proximal convoluted tubules in serum and perfusing
them with isoosmotic ultrafiltrate of the same serum.
The transepithelial potential difference was approx-
imately —4mv, measured with reference to the bath.
This corresponds to the luminal negativity in early
proximal convoluted tubules measured in vivo in rats,
rabbits, and dogs. Net fluid reabsorption by the iso-
lated perfused tubules averaged some 1 nI/mm/mm
of length. When ouabain was added to the bath (10-
M), fluid absorption and voltage decreased close to
zero, indicating that both processes are directly de-
pendent on active sodium transport. This conclusion
was confirmed in experiments in which sodium was
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Fig. 2. Effect of glucose on proximal tubular net transfer of sodium,
potassium and water. Net flux of fluid, Na, K and glucose when
tubule was perfused with 5 or 0 mmoles/liter of glucose. Figures in
the upper portion give the concentrations of Na, K and glucose in
the tubular perfusate and in plasma. Figures in the arrows are
mean net fluxes in pmoles.min'.mm tubule-'. Data from Green
and Giebisch [32, 38}.
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omitted and substituted by either lithium,
tetramethylammonium or choline. In each case the
rate of fluid reabsorption and the electrical potential
difference fell to zero. Hence, sodium is necessary for
both fluid absorption and the development of the
voltage. Transepithelial potential and rate of fluid
reabsorption vere also abolished when potassium in
the bathing medium was replaced by sodium. Re-
placement of bicarbonate by chloride caused fluid
reabsorption to decrease to approximately one-third,
whereas the replacement of chloride by nitrate or
perchlorate had virtually no effect. Thus, besides so-
dium, potassium and to a lesser extent bicarbonate
are important for fluid reabsorption by proximal con-
voluted tubules, whereas chloride is involved only to
a minor extent. These conclusions are of course in
good agreement with those of Green and Giebisch
obtained on in vivo preparations.
The role of organic solute reabsorption in fluid
transport was also studied by Burg [17] in the isolated
convoluted proximal tubule. When glucose, lactate,
alanine and citrate were removed from the bath, there
was no significant change in either fluid reabsorption
or transepithelial voltage, whether sodium chloride
or mannitol was used to substitute for them
isoosmotically. In contrast, when these organic com-
pounds were removed from the luminal perfusion
fluid the electrical potential difference as well as the
net volume flux decreased (see Fig. 3), thus
confirming the results of Kokko [31]. Figure 4 sum-
marizes the relative importance of the different or-
ganic solutes for transport. The depressed level of
fluid reabsorption and voltage resulting from deletion
Fig. 3. Effect on reabsorption by isolated perfused proximal tubules
of rabbit kidneys of omitting glucose, lactate. alanine and citrate
from the bath orperfusate. Data from Burg [17].
Fig. 4. Effect on reabsorption by isolated perfused proximal tubules
of rabbit kidneys of adding organic solutes of the perfusate. Data
from Burg [17].
of organic solutes in tubular perfusion fluid was used
as a baseline and compared with that found after
adding the individual compounds one at a time (see
Fig. 4). The addition of glucose or alanine to the
perfusion fluid led to an increase in the rate of fluid
reabsorption and the magnitude of the luminal elec-
tronegativity (see Fig. 4). The effect of these two
compounds can quantitatively account for the entire
transepithelial potential difference normally found.
Citrate and lactate caused a small increase in fluid
transport but failed to alter the voltage. Methyl-D-
glucoside and the amino acid cycloleucine, solutes
that are transported but not metabolized, also caused
an increase in fluid reabsorption (see Fig. 4). Burg's
results therefore indicate that sugars and amino acids
in the luminal perfusion fluid increase fluid
absorption because of their co-transport and not be-
cause of their metabolism. Co-transport probably oc-
curs across the luminal cell membrane and is directly
electrogenic [31, 43, 44]. The stoichiometry of this
process is presently under intensive investigation [42,
45, 46].
Lastly, Burg [17] also tested the relative role of
establishing a chloride gradient favorable for reab-
sorption as it is normally found in vivo in the later
portions of the proximal convoluted tubule. In these
experiments the bath consisted of rabbit serum while
the luminal perfusion fluid contained no organic so-
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lutes and had bicarbonate replaced by chloride.
When chloride in the tubular lumen was 20 mM
higher than in the bath, and the bicarbonate concen-
tration reciprocally lower in the tubular lumen the
voltage measured was slightly positive, in agreement
with the in vivo measurements of Frömter and Gess-
ncr [19] and Barrett et al [15]. There was significant
fluid reabsorption of about 1 nl.min'/mm of length,
When the anion gradients were eliminated and only
chloride used as an anion, the transepithelial poten-
tial difference fell to zero, but fluid reabsorption was
not significantly affected. When ouabain was added
to the bath, fluid absorption was abolished but not
the potential difference.
Thus, present evidence obtained in rat kidneys in
vivo and on isolated perfused rabbit tubules in vitro
indicates that active sodium transport is the primary
driving force for salt and water reabsorption by the
convoluted proximal tubule. This conclusion is
different from that reached by phenomenologic
descriptions of proximal tubular transport [211. In
such thermodynamic treatments the tubule is oper-
ationally assumed to consist of a single homogeneous
membrane. Measurements of ion fluxes and volume
transfer together with voltage measurements then
lead to the conclusion that only one-third of the
sodium is reabsorbed by active transport, while one-
third is reabsorbed by the electrical driving force and
another one-third by solvent drag. In view of the
complexity of proximal tubular morphology, such
conclusions may be erroneous even if formalistically
correct. As long as the actual electrochemical poten-
tial differences which exist across the individual cell
membranes on all sides of the cells including the
lateral interspaces are not measurable directly, the
limitations of the phenomenologic approach imposed
by the inherent simplifying assumptions must clearly
be recognized.
Inhomogeneity of transport along the length of the
proximal tubule has been demonstrated for amino
acids [271, glucose [47, 48], phosphate [48] and p-
aminohippurate [50]. No variation in sodium trans-
port rate along the proximal convoluted tubules was
found by Györy, Lingard and Young [511. On the
other hand, inhomogeneity of transport and per-
meability of sodium chloride clearly exist when con-
voluted and straight proximal tubules are compared
with each o,er. Schafer, Troutman and Andreoli [51
found the pars recta to be three times more
permeable to chloride than to sodium in contrast to
convoluted tubules which are characterized by
greater sodium than chloride permeability [5 3—57].
Also, reabsorptive volume flux in straight tubules was
less than one-half of that obtained by others [17] in
isolated convoluted tubules when tested under com-
parable conditions. Fluid reabsorption fell to 0.12
nl.min1/mm of length when ouabain was added to
the bathing medium consistent with the view that at
least 60% of sodium absorption in straight tubules is
due to active transport.
It is evident that the question of what mechanisms
regulate proximal tubular salt and water
reabsorption cannot be separated from the need to
understand the functional organization of transport
by this epithelium. Based principally on the studies of
Curran, MacIntosh and Schultz [58, 59], Farquhar
and Palade [60], Ussing and Windhager [61] and
Diamond and Bossert [62], a model of proximal
tubular reabsorption [63, 64] has evolved which
serves as a working hypothesis for many
experimental studies. The essential features of this
model which have received experimental support [14,
16, 53—55, 65—871 may be briefly summarized as fol-
lows. Proximal tubule cells are linked to each other
by tight junctions, which although permeable to salt
and water form a significant barrier for ion
movement between blood and tubular lumen. An
extracellular, but intraepithelial, compartment is in-
terposed between neighboring epithelial cells and
forms an intercellular transport path in parallel to the
transcellular route of ion transport. In view of the
overall isoosmotic character of proximal tubular
fluid reabsorption, it is thought that sodium chloride
is pumped into the lateral and basal interspace com-
partment at a rate sufficiently high to generate a fluid
pool of local hypertonicity. Water moves from cellu-
lar and luminal compartments into the interspace in
response to this osmotic gradient. Finally, the reab-
sorbate is transferred from the interspaces across the
basal lamina and the capillary wall by the force deter-
mined by the net balance of hydrostatic and colloid
osmotic pressure difference across these barriers.'
There are several functional consequences of this
model of epithelial salt transport. The intracellular
path between neighboring proximal tubular cells pro-
vides a low resistance transfer route connecting the
luminal with the peritubular extracellular fluid com-
partment [43, 55, 67, 68, 88]. This intercellular
"shunt" [61] determines the passive permeability
1 Recently, Sackin and Boulpaep (Sackin H, Boulpaep EL,
J Gen Physiol 66:671—732, 1975) have reevaluated the mechanism
of coupled salt and water movement by means of two models
particularly appropriate for leaky epithelia such as the proximal
tubule. These authors assumed active transport to occur uniformly
along the intercellular channel and introduced boundary condi-
tions different from the study by Diamond and Bossert [621.
Salt concentration profiles along the interspace did not exhibit
sizable gradients but remained rather constant with interspace
length in contrast to the profiles of Diamond and Bossert. More-
over, all models predicted under all experimental conditions a
reabsorbate concentration which was hyperosmotic. The deviation
from isotonicity might be small enough to be experimentally
detectable.
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properties of the proximal tubule as in other epithe-
hal structures. With respect to sodium transport, it
affects the efficiency of net transepithelial sodium
movement by setting the rate of backflux of sodium
from peritubular to luminal compartment [34, 43, 54,
55, 65, 67, 75, 89—92]. Low transepithelial electrical
resistance is a general feature of epithelia
characterized by isoosmotic fluid transfer [90]. The
transepithelial resistance is undoubtedly conferred
upon epithelia by differences in the organization of
the tight junctions. "Tight" epithelia such as the frog
skin or toad bladder are distinguished by deeper and
denser tight junctions, whereas "leaky" epithelia such
as the proximal convoluted tubule have junctions
that are shallow and have fewer junctional strands
[60, 91, 93—97]. Evidence in support of a significant
intercellular shunt path is abundant. Thus, the con-
ductance and selectivity pattern of the whole tubular
wall are very different from that of the cell
membranes of proximal tubular epithelium. The cell
membranes are highly permselective, for instance for
sodium and potassium, whereas the tubular epithe-
hum, as a whole, is not. Also, the transepithelial
specific resistance of the proximal tubular wall is very
low and cannot be explained on the basis of the
resistance values assigned to those of proximal tubule
cells. There is extensive electrical coupling between
cell membrane potentials, induced primarily either
across the peritubular or luminal cell membranes.
This is best explained by the existence of a direct path
linking luminal and peritubular fluid compartments.
Finally, anatomical evidence is consistent with the
view that the shallow tight junctions and the inter-
spaces between cells are the sites of the extracellular
shunt paths since this compartment allows the en-
trance of many marker substances which are ex-
cluded from the cellular compartment [91, 98].
Changes in resistance of the intercellular shunt
path for ions play a major role in determining the
efficiency of the proximal tubular sodium transport
system; such changes have been demonstrated when-
ever fluid transport is modulated by "physical forces"
such as changes in the peritubular oncotic or hydro-
static pressure [67, 76, 84]. There is general
agreement concerning the effect of physical factors in
amphibian kidneys [66, 67, 76, 78, 84], a preparation
in which technical difficulties are not as formidable as
in mammalian micropuncture studies. By affecting
the rate of transfer of the reabsorbate out of the
interspaces located between transporting cell mem-
branes and capillary wall, changes in peritubular on-
cotic or hydrostaic pressure have been shown to con-
trol the resistance of the intercellular shunt path,
probably by pressure-induced changes of the per-
meability of the junctional complexes. Thus, the re-
sistance of the intercellular path decreases with an
increase in hydrostatic or, conversely, with a decrease
in oncotic pressure [67, 76, 84]. This resistance
change would be expected to accentuate backflux of
sodium from the interspace compartment into the
lumen, and to reduce the overall efficiency of net
proximal sodium transport. The proximal diuresis
following extracellular volume expansion has been
shown to be mediated by an increase in passive so-
dium permeability of proximal tubular epithehium
without change in active transport of sodium [67].
Primacy of physical factors on the peritubular side of
the epithehium in setting the rate of net reabsorption
has been demonstrated by the expansion of the per-
itubular space when capillary oncotic pressure is de-
creased [66]. If reduction of net reabsorption were
primarily due to inhibition of active transport due to
luminal factors, a shrinkage rather than an expansion
of the space interposed between transporting cell
membrane and capillary wall should result. Thus,
concerning the amphibian kidney, there seems to be
no reason to doubt the role of the intercellular shunt
as regulator of salt and water reabsorption in re-
sponse to changes in "Starling forces".
The concept that oncotic and hydrostatic pressure
in the peritubular capillaries can alter fluid
absorption is of considerable interest because the
postglomerular protein concentration of mammalian
kidneys is largely determined by the rate of
glomerular filtration. Most but not all of the experi-
mental evidence obtained on mammalian proximal
tubules is indeed consonant with the view that the so-
called "glomerulotubular" balance of proximal tu-
bules with respect to salt and water is causally related
to changes in postglomerular oncotic and hydrostatic
pressure. Special emphasis must be placed upon the
results of technically less demanding free-flow micro-
puncture studies without artificial perfusion of capil-
laries. With this approach Brenner et al [69] have
demonstrated that proximal reabsorption varies
directly with postglomerular protein concentration
when the latter was changed by systemic bolus in-
fusions of saline, isoncotic or hyperoncotic solutions.
Falchuk et al [74] studied proximal reabsorption dur-
ing partial occlusion of the renal vein, the renal ar-
tery, carotid occlusion with vagotomy and during
infusion of 6 or 15 g/100 ml of albumin. In all these
conditions, changes in capillary oncotic and hydro-
static pressure were in the direction required by the
hypothesis that capillary fluid uptake regulates reab-
sorption by proximal tubules. In capillary
microperfusion studies, Brenner, and Daugharty [71]
found that the absolute rate of proximal tubular fluid
reabsorption decreased during perfusion with col-
bid-free Ringer's solution and remained unchanged
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from control when 9 to 10 g/l00 ml of albumin was
added to the capillary fluid, thus confirming similar
studies in which dextran had been used [85]. In a
subsequent study, Brenner et al [73] investigated the
quantitative significance of peritubular oncotic pres-
sure changes for the regulation of proximal
reabsorption. They found that the inhibition of prox-
imal reabsorption during acute volume expansion
was reversed when the protein concentration in per-
itubular capillaries was restored to normal by ca-
pillary perfusion with Ringer's made isoncotic by
addition of albumin. These results lead to the una-
voidable conclusion that most of the inhibition of
absolute proximal reabsorption is mediated by the
parallel decline in postglomerular capillary protein
concentration. In other studies, Brenner et al [72]
have discussed the effect of plasma flow rate. Their
calculated hydraulic conductances of peritubular ca-
pillaries predict that a flow-limitation of capillary
absorption will occur only when renal blood flow is
drastically reduced [99].
A number of studies have failed to detect a major
effect of capillary oncotic pressure changes on proxi-
mal reabsorption. Baldamus et al [100] and Lowitz,
Stumpe and Ochwadt [101] measured reabsorption in
tubules with normal blood supply or supplied by
capillaries which were perfused with colloid-free
Ringer's. No difference in tubular reabsorptive rates
was observed, but the perfusion fluid contained 35
m bicarbonate, a concentration which increases
reabsorptive net flux significantly [35]. Hence, the
effects of elevation of bicarbonate concentration and
omission of protein could have cancelled each other.
No effect of protein was also reported by Conger,
Bartoli and Earley [102] who perfused capillaries
with pooled plasma made protein-free or
hyperoncotic by ultrafiltration. Varying the protein
concentration between 0 and 13 g/100 ml did not
alter tubular reabsorption. It is presently not possible
to detect an obvious difference in the protocols of
Brenner and Troy [70] and Conger et a! [102] which
might explain the divergent results. It should be real-
ized that incomplete capillary perfusion can occur in
such experiments. In addition, their use of
acetazolamide [102] in the capillary perfusion fluid to
inhibit reabsorption is not necessarily an adequate
test for the method since diffusion of such a small
molecule may exceed the perfused area. Another
study which could not detect a relationship between
oncotic pressure and reabsorption was that of Holz-
greve and Schrier [103, 104]. They employed capillary
perfusions and re-collection methods. However, in-
complete capillary perfusion is likely to have oc-
curred in these studies since the authors report a
continuous flow of blood around the perfusion pi-
pette even at the highest capillary perfusion rates
[1041. The anatomical part of this study deserves
credit for the demonstration that a mean of 3.8 neph-
rons are surrounded by artificially perfused capil-
laries from a micropipette inserted into a single effer-
ent arteriole. Although not surprising, this finding
explains why free-flow collection of tubular fluid is
possible at a time when an efferent arteriole is per-
fused at higher than physiologic pressure. It is clear
that stopped flow of blood proximal to the injection
site in the arteriole would otherwise lead to cessation
of filtrate formation.
Bartoli, Conger and Earley [105] have reported
that proximal reabsorption depends at least in part
on luminal flow rate. This revival of a concept which
for some time was widely assumed to explain glome-
rulotubular balance is based on free-flow mi-
cropuncture experiments on proximal rat tubules.
Flow of tubular fluid between early and late proximal
puncture sites was reduced by partial aspiration of
the filtrate at the proximal site. Flow rate could there-
fore be altered without influencing postglomerular
capillary flow by changes in glomerular filtration.
The results indicated that changes in intraluminal
flow per se play an important role in glomeru-
lotubular balance. The authors suggest that flow
rate has a direct effect on unstirred layers in the
brush border, or that sodium transport might be
dependent on the reabsorption of some other uniden-
tified substance in normal tubular fluid, and that the
absorption of this compound is concentration-lim-
ited. Flow-limitation may also be expected to affect a
small, but possibly significant, fraction of proximal
reabsorption as a result of the co-transport of organic
solutes and sodium which occurs in the earliest proxi-
mal segments.
Of particular significance as to the question
whether "physical factors" influence proximal reab-
sorption are studies on isolated perfused proximal
tubules. In this preparation changes in interstitial
oncotic or hydrostatic pressure or interstitial geome-
try which complicate the interpretation of in vivo
studies [83] cannot affect the results. Only the tubular
lumen and the epithelium with its basement lamina
need to be considered. Imai and Kokko [79] and
Grantham, Qualizza and Welling [751 measured fluid
reabsorption by isolated proximal rabbit kidney tu-
bules bathed in serum ultrafiltrates which were either
protein-free or had protein added at known concen-
trations. In some experiments colloid-free Ringer's
solution was used instead of an ultrafiltrate. The gen-
eral conclusion reached was that decreases in colloid-
osmotic pressure in the bath lead to a reduction in
proximal tubular fluid reabsorption. On the other
hand, Horster et al [106] found that restoration of the
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oncotic pressure by addition of bovine serum albu-
min to an ultrafiltrate failed to restore tubular reab-
sorption to control values. A subsequent study from
the same laboratory [17, 1071 has led to a different
conclusion, i.e., that the rate of fluid absorption was
the same with artificial solutions as with serum and
ultrafiltrate, provided the artificial solutions con-
tained various organic solutes such as glucose, lac-
tate, alanine, citrate and albumin in the bath. Thus,
in the isolated tubule preparation changes in per-
itubular oncotic pressure seem indeed to be able to
influence tubular fluid reabsorption.
The question of whether physical factors exert their
influence on mammalian tubular reabsorption by the
same indirect mechanism as in the amphibian was
raised by studies of Schnermann, Agerup and Pers-
son [108, 109] and Schnermann et al [110]. They pro-
posed that colloid-osmotic and hydrostatic pressures
of postglomerular blood act as a direct driving force
for epithelial fluid reabsorption. This conclusion was
reached on the basis of values of proximal tubular
hydraulic conductance higher than those [111] pre-
viously reported. To reinvestigate this question,
Green, Windhager and Giebisch [34] performed
double perfusion experiments on proximal tubules
and peritubular capillaries of rat kidneys in vivo. The
results obtained indicate that albumin applied in-
traluminally had no major effect on fluid absorption
when net movement of sodium was prevented by
perfusing the tubule with Ringer's solution contain-
ing 4 mM NaCN. Peritubular albumin concentration
had only a minor effect under these circumstances.
The peritubular protein effect was, however,
markedly increased when sodium movement was al-
lowed to proceed normally. Hydraulic conductances
of proximal tubules were measured with raffinose
gradients as the driving force and compared with
those obtained with albumin. The results were similar
and a value of 8 X 10_8 cm3.cm2.sec1/cm of H20
was obtained for the hydraulic conductance. The
magnitude of the fraction of filtrate which could be
moved if the full osmotic effect of the protein were to
take place across the tubular wall is some 8%. Thus,
albumin has only a small direct oncotic effect across
the tubular wall and acts mainly of fluid transport
that has occurred secondary to sodium transport, and
thus regulates the volume of fluid reabsorbed from
tubule to capillary lumen. This confirms previous
reports on mammalian proximal tubules obtained in
vivo in several laboratories [10, 80].
As a final consideration, attention should be drawn
to the recent investigations of lmai and Kokko [112]
and Tisher and Kokko [113]. They evaluated the site
of action of protein on proximal tubular reabsorption
by combining functional studies with electron
microscopy of isolated perfused proximal rabbit tu-
bules. It was found that the intercellular spaces were
significantly wider when the bath contained normal
rabbit serum as compared to protein-free
ultrafIltrate. Furthermore, radioautography revealed
that some labeled albumin gained access to the inter-
cellular space from the peritubular side. These find-
ings suggest that proteins exert their colloid-osmotic
effect not only at the capillary wall and the basement
lamina but also at some other locus. The authors
suggest that the site of action might include the lat-
eral cell surface. They tentatively proposed as one of
several alternatives that transcellular extra-
cytoplasmatic channels exist which communicate
with the intercellular channels across a membrane
with moderate hydraulic permeability which is imper-
meable to protein. This model is still consistent with
most of the electrophysiologic data which indicate an
extracellular shunt to be the site where backflux of
salt is augmented under conditions of diminished
capillary Starling forces. The new proposal of Imai
and Kokko and Tisher and Kokko shifts the location
of these extracellular channels into the cells by postu-
lating a system of channels similar to that of the T-
system of muscle. In this context the recent report of
Ussing [114] and Voüte, Møllgãrd and Ussing [115]
that the endoplasmic reticulum may be a site of so-
dium pumping seems particularly relevant.
It is evident that the mechanisms of proximal tubu-
lar reabsorption and, hence, the questions regarding
the regulation of transport are still unknown. Until
the molecular processes involved have become clear,
considerable uncertainty will remain even in our de-
scriptive kinetic knowledge and in the interpretation
of such simple forces as hydrostatic and colloid-os-
motic pressure. Most of the questions raised about
the proximal tubule are shared with membranes in
general. In addition, there are specific problems
which make direct extrapolation of conclusions
reached in other tissues hazardous. Thus, intensive
study of this technically demanding preparation is
still greatly needed. It is also evident that a large
number of factors, some of them not discussed in this
review, are capable of influencing tubular reab-
sorption. Humoral agents such as parathyroid
hormone [116] and renal nerves [117] may playa role
in the homeostatic regulation of fluid reabsorption.
The mechanism of action of other factors, such as
"physical forces" may be understood, at least in part,
under simple experimental conditions such as volume
expansion but not in more complex situations. Partic-
ularly the diseased kidney with its almost unlimited
combinations of changes in function and morphology
deserves to be studied carefully and not made the
target of misleading extrapolation of concepts.
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